Systemic infections in avian species caused by avian pathogenic Escherichia coli (APEC) are economically devastating to poultry industries worldwide. To unravel factors possibly involved in APEC pathogenicity, suppression subtractive hybridization was applied, leading to the identification of a putative APEC autotransporter adhesin gene aatA in our previous study. In this study, pathogenic mechanism of AatA was further determined. A deletion mutant of aatA was constructed in the APEC DE205B, which results in the reduced capacity to adhere to DF-1 cells, defective virulence in vivo, and decreased colonization capacity in lung during the systemic infection compared with the wild-type strain. Furthermore, these capacities were restored in the complementation strains. These results indicated that AatA makes a significant contribution to APEC virulence through bacterial adherence to host tissues in vivo and in vitro. In addition, aggregation assays for strain AAEC189 expressing aatA indicated that AatA mediates cell aggregation and settling of cells. However, this cell aggregation is blocked by Type I fimbriae. This study illustrates the first examination of the role of AatA in aggregation and systemic infection.
Introduction
Extraintestinal pathogenic Escherichia coli (ExPEC) are a group of strains that have been implicated in a large range of infections in humans and animals, such as neonatal meningitis, urinary tract infections, pneumonia, osteomyelitis, and septicemia (Dho-Moulin & Fairbrother, 1999; Kim, 2000; Johnson & Russo, 2002; Ewers et al., 2003) . In avian species, systemic infections caused by avian pathogenic E. coli (APEC) are economically devastating to poultry industries (Dho-Moulin & Fairbrother, 1999; Ewers et al., 2003) . APEC enter and colonize the avian respiratory tract by inhalation of fecal dust leading to localized infections such as airsacculitis and pneumonia. In certain cases, they spread into various internal organs typically causing pericarditis, perihepatitis, peritonitis, salpingitis, and other extraintestinal diseases. Systemic infection of poultry is characterized in its acute form by septicemia, commonly resulting in sudden death (Dho-Moulin & Fairbrother, 1999; Ewers et al., 2003; Rodriguez-Siek et al., 2005) .
Although a high number of virulence factors had already been identified, the molecular basis of APEC pathogenesis is not yet fully understood (Li et al., 2005; Rouquet et al., 2009) . Pathogenic bacteria use surface structure to adhere to host cells, which could help bacteria overcome host barriers (Krogfelt, 1991) . Colonization is thought to be crucial to pathogenesis of bacteria, which was the initial stage during infection and the ability to adhere to host surfaces is by far the most vital step in the successful colonization by microbial pathogens (Finlay & Falkow, 1997) . Adhesins were involved in the progress of colonization, which was essential for the bacterial pathogenicity (Itzhak Ofek, 2006) . A distinct family of adhesins present among ExPEC strains were identified, such as Type I fimbriae ( fim), P fimbriae, or the pilus associated with pyelonephritis (pap), curli fiber (csg), S fimbriae or the sialic acid-specific fimbriae (sfa), F1C fimbriae ( foc), afimbrial adhesin/Dr antigen-specific adhesin (afa/dra), and others (Maurer et al., 1998; Janben et al., 2001; Itzhak Ofek, 2006; Ewers et al., 2007) . Furthermore, the role of some of these adhesins during APEC infection is well recognized. Other bacterial proteins with adhesive properties are autotransporter (AT) adhesins forming a large and diverse family (Henderson et al., 2000; Henderson & Nataro, 2001 ). However, in principal, all members of this family share conserved structural features, that is (i) a secretion signal for the sec pathway in the N terminus, (ii) a conserved C-terminal translocation domain inserting into the outer membrane of the bacterial cell, and (iii) a variable internal functional passenger domain, which is translocated to the bacterial surface (Girard & Mourez, 2006) . More than 700 members of the AT family are known (Eslava et al., 1998; Niewerth et al., 2001; Kjaergaard et al., 2002; Heimer et al., 2004; Henderson et al., 2004; Wells et al., 2008) exhibiting very diverse functions conferred by their surface-exposed passenger domains. They can be involved in proteolysis, cytotoxicity, serum resistance, cell-to-cell spread, autoaggregation, biofilm formation, invasion, and adhesion (Girard & Mourez, 2006) .
In the previous study, making use of suppression subtractive hybridization (SSH), an AT adhesin aatA of the APEC IMT5155, was identified . The distribution of this AT adhesin in the ExPEC and commensal E. coli collection was examined, which indicated that aatA gene was associated with APEC. Although there were some studies to describe the role of aatA in vitro and in vivo Li et al., 2010) , aatA has until now never been described for its potential role during systemic infection. Therefore, our work focuses on this novel AT adhesin, conferring the primary and most vital step in the pathogen-host interaction. We describe for the first time the role of AatA which plays in the colonization of the avian lung during systemic infection. Moreover, like another AT AIDA, AatA contributes to aggregation of E. coli in vitro, which is blocked by Type I fimbriae.
Materials and methods

Bacterial strains, plasmids, and growth conditions
The strains and plasmids used in this study are listed in Table 1 . The APEC strain DE205B was isolated from the brain of a duck with septicemia and neurological symptoms . It was phylogenetically analyzed using multiplex PCR and was found to belong to the phylogenetic E. coli reference (ECOR) group B2. The strain harbors virulence-associated genes tsh, mat, fyuA, irp2, iucD, iutA, iss, vat, malX, fimC, ompA, aatA, ibeA, ibeB, yijp, gimB, and aslA but is negative for papC and hlyA by PCR analysis . DE205B was used to construct the mutants and served as a positive control in functional assays. Novel roles for autotransporter adhesin AatA of APEC The E. coli strain DH5a was used for cloning procedures, BL21 (DE3) was used for protein expression (Davanloo et al., 1984; Studier & Moffatt, 1986) , and the fim negative E. coli strain AAEC189 (Blomfield et al., 1991) was used in aggregation experiments. All E. coli strains were grown in Luria-Bertani (LB) medium at 37°C with aeration. When necessary, LB medium was supplemented with appropriate antibiotics: ampicillin (Amp; 100 lg mL À1 ), chloramphenicol (Cm; 25 lg mL À1 ), or nalidixic acid (Nal; 50 lg mL
À1
) unless otherwise specified.
DNA and genetic manipulations
DNA manipulations and transformations were performed using standard methods. All restriction enzymes were purchased from TaKaRa (Dalian China). Plasmid DNA was isolated using the High Pure Plasmid Miniprep kit (Invitrogen, Shanghai, China). PCR products and DNA extraction from agarose gels were purified using the High Pure PCR Product Purification kit (Invitrogen) according to the manufacturer's guidelines. For sequencing and expression of aatA, TaKaRa Prime-STAR ® HS DNA polymerase was used for PCR. The primers used in this study are shown in Table 2 . DNA and amino acid sequence analyses were performed using the DNASTAR LASERGENE 7 software and online BLAST program of the National Center for Biotechnology Information (NCBI).
Expression and purification of the autotranspoter adhesin AatA
The open reading frame (ORF) of aatA was amplified by PCR with olignucleotides WSH28F and WSH29R with added BamHI and HindIII recognition sites (underlined in sequences listed in Table 2 ). The obtained PCR fragment was subcloned into the BamHI/HindIII-digested pET28a (+) vector (Novagen). The resulting plasmid pET28a-aatA was transformed into competent E. coli BL21 (DE3) cells, and the AatA protein was expressed by IPTG induction. The fusion protein was purified using a HisTrap HP column (GE Healthcare, Shanghai, China) according to the manufacturer's guidelines. Purified AatA fusion protein (AatAF2) was dialyzed overnight at 4°C against dialysis buffer. The final protein concentration was determined by the Bradford method using SmartSpec3000 (Bio-Rad) (Bradford, 1976) . Expression and purity of the fusion protein was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Antibody production
The polyclonal anti-AatAF2 antibodies were produced in New Zealand White rabbits as follows: 300 lg highly purified fusion protein in PBS was mixed with an equal volume of adjuvant ISA 206 (SEPPIC, France) and 
BamHI and HindIII restriction sites are underlined.
subcutaneously injected into the back of the rabbits at seven different sites. Immunizations were repeated three times at 2-week intervals. Ten days after the final immunization, the blood was collected by cardiac puncture under terminal anesthesia, and serum samples were prepared and frozen at À20°C.
Immunoblotting
For immunoblot analysis, protein samples were loaded on 10% SDS gels and transferred onto a polyvinylidene fluoride membrane (Amersham Pharmacia Biotech) using a semi-dry blotting apparatus (TE77; Amersham Pharmacia Biotech) and a buffer containing 39 mM glycine, 48 mM Tris base, 20% methanol, and 0.037% SDS. Immune serum against purified AatAF2 (anti-AatAF2) was used as the primary antibody and horseradish peroxidase-conjugated antirabbit immunoglobulin as the secondary antibody. Diaminobenzidine was used as the substrate.
Construction of an aatA mutant
The mutant with in-frame deletion in the aatA gene was generated using the lambda red recombinase method essentially as described previously (Datsenko & Wanner, 2000) . The aatA gene was replaced with a chloramphenicol resistance cassette, which was amplified from plasmid pKD3 using PCR with primers WSH50F and WSH51R ( Table 2 ). The 5′ regions of the primers are identical to the corresponding flanking region of aatA. The PCR products were then transformed by electroporation into DE205B containing the lambda red recombinase expression plasmid pKD46. Mutations in aatA were confirmed by PCR and sequencing using primers C1 and C2 in combination with primers WSH1F and WSH27R, which flanked aatA. The chloramphenicol resistance cassette was cured by transforming the pCP20 plasmid into the mutant and selecting for a chloramphenicol sensitive mutant strain, which was finally designated as DE205B1.
Construction of complementation of aatA in E. coli
The aatA operon including its putative promoters was amplified and subcloned into the pMD19T vector for sequence using primer pairs WSH18F and WSH16R with restriction enzyme recognition sites BamHI and HindIII, following ligation into BamHI/HindIII-digested pUC18 vector. Then, the resulting plasmid pUC18-aatAC and control vector pUC18 were transformed into mutant strain DE205B1, E. coli MG1655 and fimbria-negative E. coli strain AAEC189, respectively. Colonies were tested for the presence of aatA.
Adherence assay
The adherence assay performed according to a previously described method . Briefly, chicken embryo fibroblast (CEF) DF-1 cells were seeded with about 1 9 10 5 cells per well in 24-well tissue culture trays (TPP, Shanghai, China) and were grown in DMEM with 10% fetal bovine serum (Invitrogen) at 37°C in a 5% CO 2 humidified atmosphere without antibiotics. Semiconfluent monolayers were washed and incubated with experimental medium (DMEM without FBS) containing bacteria with a multiplicity of infection of 100. Infected monolayers were incubated for 2 h at 37°C under 5% CO 2 atmosphere to allow adhesion to the DF-1 cells. Then, DF-1 cells were washed three times with PBS following treatment with 1% Triton X-100, and the number of adherent bacteria were determined on LB agar plates in dilution series. Negative control wells containing only DF-1 cells were used in all experiments. The assay was performed three times in triplicate. Results were expressed as percent adhesion compared to that of the parent strain DE205B.
The adherence inhibition experiments were carried out as described previously . Briefly, the purified protein AatAF, AatAF2 and its antibodies were pretreated with DF-1 cells or bacteria, respectively. After 1 h incubation at 37°C, adherence assays were carried out as described earlier. The assay was performed three times in duplicates.
Virulence testing
To test the virulence of wild-type strain DE205B, mutant strain DE205B1, and complementation strain DE205B3, the 50% lethal dose (LD 50 ) of each strain was determined. Strains were grown to exponential phase and collected, washed twice in PBS, and then adjusted to the appropriate doses. Seven-day-old ducks were inoculated intratracheally with 0.2 mL of each bacterial suspension containing different colony-forming units (CFU). Bacterial CFU contained in the injected inoculums were confirmed by plating on LB agar. Negative controls were injected with PBS. Ten animals were used per dose. Mortality was monitored until 7 days postinfection. The experiment was repeated three times. The LD 50 of each strain was also tested with mice model. The results were averaged and calculated using the method by Reed & Muench (Reed et al., 1938) .
Animal infection studies
Animal infection experiments were also carried out to determine the colonization ability of wild-type strains, mutant and complementation strains during systemic Novel roles for autotransporter adhesin AatA of APEC infection as previously described . Briefly, groups of ten 7-day-old ducks each were infected intratracheally with a bacterial suspension containing 10 8 bacteria. At 24 h postinfection, ducks were euthanized and dissected. The lungs and brains were homogenized, which were appropriately diluted and plated onto LB agar containing nalidixic acid to determine the number of bacteria colonizing the lung of the duck during infection.
All the animal experimental protocols were approved by the Laboratory Animal Monitoring Committee of Jiangsu Province. The experimental animal license was approved by Science and Technology Agency of Jiangsu Province. The approval ID is SYXK (SU) 2010-0005.
Aggregation assay
Aggregation assays were performed according to a previously described method (Sherlock et al., 2004) with some modifications. Briefly, overnight cultures were diluted 1 : 100 in LB and grown to final OD 600 nm = 1.0 (standardized) and mixed vigorously for 15 s prior to the start of the assay. At regular time intervals, a 150-lL sample was taken from the liquid surface and tested the OD 600 nm immediately. Experiments examining the effect of Type I fimbriae on aggregation were performed using the same method.
Quantitative real-time reverse transcription PCR (qRT-PCR)
Overnight cultures of E. coli were 1 : 100 diluted into fresh LB. The bacteria were grown to the logarithmic phase, and RNA was isolated using the E.Z.N.A.™ bacterial RNA isolation kit (OMEGA, Beijing, China) according to the manufacturer's instructions. Contaminating DNA was removed from the samples with the RNase-free DNaseI (TaKaRa), and cDNA synthesis was performed using the PrimeScript ® RT reagent kit (TaKaRa) according to the manufacturer's instructions. qRT-PCR was performed to determine the transcription levels of the virulence factors using SYBR ® Premix Ex Taq™ (TaKaRa) and gene-specific primers (Table 2) , and the data were normalized to the housekeeping gene dnaE transcript. The relative fold change was calculated using the DDCT method (Livak & Schmittgen, 2001) .
Statistical analyses
Statistical analysis for in vitro and in vivo experiments was carried out using the GRAPHPAD Software package (GraphPad Software, La Jolla, CA). One-way ANOVA was used in analysis of the adhesion data in vitro, and twoway ANOVA was performed on the qRT-PCR results. For the analyses of animal infection study, the nonparametric Mann-Whitney U-test was carried out. The mean values were shown in the figures. Statistical significance was established at P < 0.05.
Results
Characterization of the aatA gene in APEC DE205B
The double-strand sequence information of the complete predicted ORF of AT adhesin gene aatA (3498 bp) and 2638 bp additional nucleotides in DE205B was first sequenced and submitted to GenBank under accession no. HM143900. The aatA gene from DE205B was 100% and 99% identical to that of the APEC strain IMT5155 and APECO1, respectively. Moreover, the surrounding regions of aatA were 100% identical between DE205B and IMT5155, which encode mobile elements. Among these are sequences similar to insertion sequence IS2 and IS91 in the 5′ flanking region of aatA and genes coding for insertion sequences IS1, IS30, and IS629 in the 3′ flanking region, respectively. The presence of genes encoding transposases in these strains suggests that aatA has been acquired by horizontal gene transfer. Sequence analysis of the DE205B chromosome genome (unpublished data) showed that aatA was located on the chromosome.
Expression and purification of autotransporter adhesin AatA
For expression, the entire ORF of aatA was amplified by PCR from DE205B and cloned into the expression vector pET28a (+). The recombinant vectors pET28a-aatA led to the expression of a 124-kDa fusion protein in E. coli BL21 (DE3). The refolded and purified AatA proteins were dialyzed at 4°C against of dialysis buffer containing diminishing concentrations of urea (Fig. 1a) , which was used in the adherence inhibition assays.
Analysis of aatA expression
To determine the role of AatA, a clean aatA deletion mutant of DE205B was created using the method described by Datsenko & Wanner (2000) . The expressions of aatA in the wild-type strain, mutant strain, and complementation strain were compared by SDS-PAGE, whereas no differences between the wild-type strain and mutant strain were detected in protein patterns (data not shown). Thus, immunoblotting was performed using our anti-AatAF2 serum. As shown in Fig. 1b , incubation with anti-AatA2 led to the detection of protein bands of the expected size for AatA in the total extract of the lysates of the wild-type and complementation strains but not of mutant strain DE205B1, indicating that AT adhesin AatA was expressed under laboratory conditions. Furthermore, this result was also a certification for the construction of aatA mutant strain.
On the other hand, the expression of AatA in the complementation strain MG1655C1 and AAEC189C1 was also determined. The results indicated that AatA was expressed in the complementation strain, and Type I fimbriae have no role for the expression of autotranspoter adhesin AatA.
AatA mediates cell aggregation and settling of cells
In the previous study, CLUSTALW analyses were performed with 24 protein sequences from already known studied adhesins of the AT family, and the phylogenetic tree of AT showed that AatA clusters within one group together with AIDA (adhesin involved in diffuse adherence), TibA (toxigenic invasion locus B protein A), and Ag43 (antigen 43) from E. coli . Among these ATs, AatA seems to be most related to that of AIDA, which contributed to autoaggregation, biofilm formation, and adherence. Therefore, whether AatA could mediate aggregation and biofilm formation was determined. No differences in aggregation and biofilm formation between wild-type DE205B and aatA mutant strain DE205B1 were detected.
To further examine whether the AatA protein was involved in aggregation, aatA was expressed under control of its native promoter in fimbria-negative E. coli AAEC189, which was designated as AAEC189C1. AAEC189C1 and control strain AAEC189P were examined for their ability to aggregate and settle. Only AAEC189C1 cells expressing the aatA gene product were observed to flocculate and settle. Furthermore, the aggregates formed by AatA-expressing cells were very compact and rather difficult to separate. This finding was also reflected in the fast settling kinetics of AAEC189C1 compared to the control strain AAEC189P (Fig. 2) .
AatA-mediated cell aggregation is blocked by fimbriae
The AatA protein belongs to the AT adhesins, which have been demonstrated that interactions mediated can be physically shielded and blocked by larger surface structures including fimbriae, flagella, and the capsule (Hasman et al., 1999; Schembri et al., 2004; Sherlock et al., 2004; Ulett et al., 2006) . To determine whether the aggregation mediated by AatA could be blocked by Type I fimbriae expression, we introduced plasmid pUC18-aatAC and control plasmid pUC18 into E. coli MG1655. As shown in Fig. 2 , although aatA was expressed in MG1655, which were unable to aggregate or settle from static liquid medium due to the block of Type I fimbriae. Similarly, the wild-type strain DE205B and aatA mutant strain were unable to aggregate or settle from static liquid medium, which was positive for Type I fimbriae. Thus, fimbriae expression physically shields intercellular AatA interactions required for aggregation and settling of cells. Novel roles for autotransporter adhesin AatA of APEC
Defect of virulence for the aatA deletion in APEC DE205B
The virulence of the parent strain, mutant strain, and complementation strain was evaluated in the duck and mice model. Animals were infected with various doses of each strain, and mortality of animals was observed for 7 days after the challenge. As shown in Table 3 , the LD 50 values were 1.0 9 10 6 CFU per duck for the parent strain DE205B, 1.0 9 10 7 CFU per duck for the mutant strain DE205B1, whereas the LD 50 of the complementation strain was similar to that of the wild-type (1.3 9 10 6 CFU per duck). Therefore, the virulence of aatA mutant strain DE205B1 was lower than that of the parent strain, but could be restored in the complementation strain. Similar results were also observed in the mice model (Table 3) . Together, these results demonstrated that aatA is necessary for the full virulence of APEC.
AatA contributes to adhesion of APEC DE205B to DF-1 cells
Previously, adherence assays with fusion protein AatAF and its specific anti-AatAF antibody were performed, which demonstrated that AatA could inhibit the adhesion of APEC IMT5155 to DF-1 cells . In this study, the whole adhesin protein AatA was expression, and the role of fusion protein AatAF2 and its antibody were examined, which could inhibit the adhesion of DE205B to DF-1 cells (P < 0.05). Moreover, the inhibition rate of fusion protein AatAF2 was higher than that of AatAF (Fig. 3a, b) .
To investigate exactly the role of AatA in adhesion, the adhesion capacities of wild-type DE205B, mutant strain DE205B1, and the complementation strain DE205B3 were compared. The results showed that the number of adherent DE205B1 bacteria was significantly reduced by approximately 25% compared to parent strain (P < 0.05), whereas the adhesion capacity was fully restored in the complementation strain (Fig. 3c) . On the other hand, expression of AatA in the fim negative E. coli strain AAEC189 displayed increased adherence capacity (P < 0.01) . Thus, we can assume that aatA is involved in the adhesion of E. coli into DF-1 cells.
Effect of aatA in colonization of the lung in vivo
To determine the effect of aatA during systemic infection in vivo, the ducks were infected intratracheally with strains DE205B, DE205B1, and DE205B3, respectively. Bacteria were recovered from the lungs and the brains of infected birds at 24 h postinoculation. As shown in Fig. 4 , when ducks were infected with mutant strain DE205B1, a distinct reduction of bacterial numbers in the lungs was observed compared to DE205B (P < 0.01). Furthermore, the recovered bacteria in the lungs were fully restored in the complementation strain. Although recovered mutant bacteria in the brain were reduced, the differences were not statistically significant (P > 0.05). These results indicated that the aatA was involved in the process of adhesion to lung in vivo.
Expression profiling of virulence genes
To gain further insight into the influence of AatA, the expression levels of virulence genes associated with adhesion and invasion were analyzed by qRT-PCR in the various strains in vitro. As shown in Fig. 5 , the expression levels of invasion associated genes ibeA and ibeB were significantly decreased in the aatA mutant DE205B1 by 0.48 and 0.59, respectively (P < 0.05). While the expression levels of fimC and ompA were upregulated, it was not significantly different from the wild-type strain DE205B (P > 0.05). The expression levels of the virulence genes were restored in the aatA complementation strain DE205B3.
Discussion
In the previous study, an AT adhesin gene aatA of high virulent APEC strain IMT5155 was identified by SSH . Furthermore, the distribution of this AT adhesin gene aatA in the E. coli collection from China and Germany was examined, which indicated that aatA was associated with APEC. Among the collection, APEC DE205B was positive for aatA, which could infect duck and lead to septicemia and neurological symptoms . Thus, the aatA ORF (3498 bp) and flanking sequence (2638 bp) of DE205B were obtained, which show 100% identical to IMT5155. Since the successful construction of aatA mutant in DE205B, the role of aatA in APEC DE205B was further studied. The anti-AatA antibody inhibits adhesion capacity of DE205B to DF-1 cells. DE205B was incubated with preimmune serum (control) and antiAatAF and anti-AatAF2 antibody, respectively. Bacteria of each experiment were used to infect DF-1 cells, and adherent bacterial cells were determined. (c) Adhesion of E. coli to DF-1 cells was examined. The adhesion capacity of mutant strain DE205B1 was statistically significant lower than DE205B (P < 0.05); moreover, complementation strain DE205B3 exhibited higher capacity to adhesion DF-1 cells compared with DE205B and DE205B1 (P < 0.05). (a-c) The values represent the average data of three independent experiments. The standard deviations were expressed as lines above the bars. Results are showed as percentage of adhesion capacity compared to wild-type strain DE205B. One-way ANOVA was performed for the statistical significance analysis.
The ability of bacteria to adhere to a diverse range of surfaces including different host tissues and abiotic elements is essential for colonization, survival, and persistence (Kline et al., 2009; Proft & Baker, 2009 ). The importance of adhesion to the life style of bacteria is reflected by the large range of different adhesins found even in a single species. AIDA was an AT of diarrheagenic E. coli, which contributes to adherence, autoaggregation, and biofilm formation (Sherlock et al., 2004; Charbonneau et al., 2009) . Moreover, phylogenetic tree of AT showed that AatA clusters within one group together with AIDA. Thus, the roles of AatA were determined. Like AIDA, AatA acts as an adhesin in the pathogenicity of APEC DE205B. The adhesion capacity of aatA mutant strain was significantly reduced compare with that of wild-type strain. Moreover, the adhesion ability was fully restored in the complementation strain, which indicated that aatA mediates the adhesion of APEC to DF-1 cells. The similar result was shown in CEF cells (Li et al., 2010) . AatA also showed function in cells aggregation and settling of cells in the fimbria-negative E. coli AAEC189. However, no difference in aggregation between the wild-type and the aatA deletion mutant was detected, which was because of that the aggregation was blocked by fimbriae. A parallel finding was reported in the APEC O1 (Li et al., 2010) . The aggregation function of AatA might be involved in bacterial pathogenesis. Aggregation may lead to bacteria that exist as tight communities of cells, which aid survival of bacteria in host. Unlike AIDA, AatA did not function in biofilm formation, which might be due to the different structure of AIDA-I and AatA (Konieczny et al., 2001; Li et al., 2010) .
Several ATs have previously been shown to be important for virulence of APEC (Dozois et al., 2000; Parreira Fig. 4 . In vivo infection study. Ten 7-day-old ducks were intratracheally infected with 10 8 CFU of bacteria. Bacterial re-isolation of wild-type strain DE205B, mutant strain DE205B1, and complementation strain DE205B3 from the lung (a) and brain (b) at 24 h postinoculation were determined by plate counting as described in Materials and methods. The bars in the middle of columns indicate the average recovered bacteria from the organ for each group of animal. The recovered bacteria in the lung were significantly (P < 0.01) reduced for the mutant strain DE205B1 compared with wild-type strain DE205B, whereas the colonization capacity was fully restored in the complementation strain. However, no significant difference was found for the recovered bacteria in the brain. Nonparametric Mann-Whitney U-test was carried out for statistical significance analysis. Fig. 5 . Quantification of virulence genes expression. Expression levels of fimC, ompA, ibeA, and ibeB in wild-type strain DE205B, mutant strain DE205B1, and complementation strain DE205B3 were measured by qRT-PCR; data were normalized to the housekeeping gene dnaE. Results are shown as relative expression ratios compared to expression in the parent strain DE205B. The expression levels of invasion-associated genes ibeA and ibeB were significantly decreased in the aatA mutant DE205B1, respectively. While the expression levels of fimC and ompA were upregulated, it was not significantly different from the wild-type strain DE205B. Statistically significant was established at P < 0.05 by two-way ANOVA analysis. , 2003) . Thus, the influence of aatA on the virulence of APEC was examined in this study. There were significant differences in mortality between the wild-type and the mutant groups. The LD 50 of the aatA mutant was significantly increased when compared with the parent strain in the duck and mice model, whereas the virulence was restored in the complementation strain, indicating that the deletion of aatA resulted in the attenuated virulence of APEC DE205B. Parallel result was observed in another aatA mutant strain APEC O1 in embryo lethality assay (Li et al., 2010) . Thus, AT adhesion AatA is necessary for the full virulence of APEC.
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To make sure specific role of aatA in the pathogenicity of DE205B in vivo, animal infection study was performed by comparing its effects with that of the mutant strain. When the birds infected with different strains, the colonization and proliferative bacteria in the lungs and brains were compared. The results indicated that the loss of aatA resulted in significantly reduced recovered bacteria in the lung compared to that of the wildtype strain. The colonization capacity was fully restored for the complementation strain. It might be the reason for the attenuated virulence of aatA mutant strain. The mutant strains could still colonize in the lung, which was because of other adhesins contributing to the colonization, such as Type I fimbriae. Furthermore, our qRT-PCR data demonstrated the expression levels of fimC and ompA were upregulated in the mutant strain. The colonization and proliferation capacity in brain was reduced; this phenomenon might be due to the downregulation of invasion-associated genes ibeA and ibeB in the mutant strain DE205B1. These results indicated that AatA is involved in the early lung colonization steps during systemic infection. Together animal infection study with the adherence assay, it could be concluded that AatA makes a significant contribution to APEC virulence through bacterial adherence to host tissues in vivo and in vitro.
In summary, an AT adhesin AatA was identified by the SSH method in our previous study. Here, the result showed that AatA plays a significant role in the initial stages of APEC infection. Previous studies have shown a successful example that prophylactic vaccination with adhesin fimH can inhibit bacterial infections (Wizemann et al., 1999) . Thus, blocking colonization of bacteria during infection may be one of the most effective strategies to prevent bacterial infections. In our study, purified AatAF, AatAF2, and its antibodies could reduce the adhesion of APEC to DF-1 cells in vitro , whether it could impede colonization, block infection, and prevent disease in vivo should be further studied.
